and carfilzomib was discontinued. Rhinovirus was tested positive from throat swabs, stool cultures were negative and ADAMTS13 activity was normal. Platelet counts and renal function recovered to baseline 4 days after diagnosis of TMA and cessation of carfilzomib.
Patient 2 presented on C2D8 with symptoms of anemia and a dry cough. Investigations showed Hb 6.1 g/dl (from 9 g/dl), WCC 2.88 × 10 9 /l and platelets 55 × 10 9 /l (from 351 × 10 9 /l) with schistocytes seen on blood film and positive hemolytic screen. Acute kidney injury was noted with a rise in serum creatinine from 93 to 573 μmol/l. The patient had no evidence of infection and ADAMTS13 activity was 88% and there was no coagulopathy. The last dose of carfilzomib was on C2D2 and no further carfilzomib was administered. The patient required temporary hemodialysis but not plasmapheresis. Her platelet counts recovered after 7 days and renal function normalized after 1 month.
Patient 3 (63/Chinese/Male) had a 10-year history of MM and had previously received multiple lines of therapy including VAD (vincristine, doxorubicin and dexamethasone), high-dose melphalan (HDM) with autologous hematopoietic stem cell transplant (HSCT), bortezomib and immunomodulatory agents. Carfilzomib 27 mg/m 2 and dexamethasone were commenced. Blood counts at treatment initiation were: Hb 10.5 g/dl, WCC 3.13 × 10 9 /l and platelets 224 × 10 9 /l. On C2D15, he presented with fever, diarrhea, cough and tested positive for parainfluenza B virus. Three days later, he developed acute kidney injury (creatinine 403 μmol/l from 76 μmol/l) accompanied by thrombocytopenia (platelets 3 × 10 9 /l) and non-immune hemolytic anemia. There was no coagulopathy (PT 9.9s, APTT 34.0s). Stool was negative for Escherichia coli. Carfilzomib was held off and he was expectantly monitored. He did not require plasma exchange. Platelet counts recovered to baseline after 25 days and renal function recovered after 60 days.
Patient 4 (58/Chinese/Male) had a 2-year history of MM and had received induction with bortezomib, cyclophosphamide, dexamethasone followed by HDM and autologous HSCT. He had relapsed within 12 months of HDM, while receiving lenalidomide maintenance and was given two cycles of bortezomib-DCEP (velcade, dexamethasone, cyclophosphamide, etoposide and 
www.nature.com/bcj cisplatin) as salvage therapy. His MM progressed despite treatment and he started carfilzomib 27 mg/m 2 and dexamethasone. Prior to initiation of carfilzomib, serum creatinine was 277 μmol/l, Hb 9.1 g/dl, WCC 6.62 × 10 9 /l and platelets 92 × 10 9 /l. He tolerated the first two cycles well but was admitted on C3D7 with fever of 3-day duration and decreased urine output. Investigations revealed Hb 5.9 g/dl, WCC 5.67 × 10 9 /l, platelets 15 × 10 9 /l, creatinine 1133 μmol/l, PT 10.5s and APTT 27.1s. Schistocytes were seen on blood film accompanied by positive hemolysis markers. Stool cultures were negative. Patient was initiated on hemodialysis. There was platelet recovery after 10 days. At the time of this report, this patient's renal function is yet to improve. Patients 3 and 4 received carfilzomib on a named patient program (NPP). All four patients were treated with bortezomib following resolution of TMA without further complications. Patients were not rechallenged with carfilzomib.
We present 4 cases of TMA in 24 patients treated with carfilzomib giving a cumulative incidence of 16.7% (Table 1) . While there have been a few single reports associating carfilzomib use with TMA, 5-7 our case series is the largest reported to date. Two of our patients had newly diagnosed MM and received carfilzomib as frontline therapy. TMA occurred at 56 mg/m 2 dose for the two patients in the IIS and at 27 mg/m 2 dose for the two patients on the NPP. The dose regimens of 56 mg/m 2 were chosen for the IIS based on previous phase I/II studies which demonstrated tolerability. [8] [9] [10] Events that led to treatment discontinuation in the 20 and 56 mg/m 2 regimens that have been previously published include decline in cardiac function, fever and infection. There was one event of TMA reported that did not result in treatment discontinuation. 7 Of these four patients, one patient required plasmapheresis while the other three were managed expectantly. Two of the patients had concurrent viral URTI. Hypertension and proteinuria, considered the hallmarks of VEGF inhibition and a possible mechanism of drug-related TMA, were absent. 5, 11 Among single cases of TMA due to carfilzomib reported in the literature, one achieved stable renal function after cessation of carfilzomib, 5 another discontinued carfilzomib and received plasmapheresis with renal recovery 6 and the third patient had improvement in TMA after dose reduction of carfilzomib. 7 Carfilzomib is a potent agent in treatment of MM as randomized studies have shown and it is increasingly being used for treatment in both frontline and relapse settings. 2, 12 We observed some unique features in the case series which will help clinicians. The incidence of TMA in the two Singapore centers was higher than previously reported. All of our patients developed TMA in the first three cycles. All four patients were of Chinese descent. We note a similar presentation of fever, diarrhea and URTI symptoms that preceded the development of TMA in three patients. None of the patients developed extra-renal manifestations of TMA such as stroke or other arterial events. With drug cessation and supportive care, and hemodialysis in one patient, the TMA was self-limiting in all cases. Finally, all these patients could be treated with bortezomib after resolution of TMA.
We believe concurrent cytotoxic agents, coexisting viral infections and patient characteristics contributed to the higher incidence of carfilzomib-associated TMA in our population. Further genetic studies are being planned as there seems to be a higher incidence of TMA among our predominantly Chinese patients treated at the two centers. Fever and diarrhea preceded the onset of TMA in our patients and may be useful early clinical markers. While drug dosages continue to be refined in different population groups and mechanisms leading to development of TMA associated with carfilzomib continue to be investigated, we suggest vigilance when carfilzomib is used, and consideration of early cessation when TMA is suspected.
